The postoperative retinal changes at the interface between an implant electrode array and the retina and whether these anatomic changes have an association with the patient visual performance are unknown.
A variety of approaches to restoring sight are currently under investigation, opening new possibilities for patients with blindness and retinal pathologies. These possibilities include optogenetic techniques, 1 gene therapy, 2, 3 stem cell therapy, 4 and various artificial vision prostheses. 5, 6 An electronic retinal prosthesis represents a novel paradigm proposed to restore vision in patients with blindness due to retinitis pigmentosa. 7, 8 The Argus II Retinal Prosthesis System (Second Sight Medical Products Inc) is the first and only epiretinal device with commercial approval in Europe and North America, receiving the European Conformity stamp in 2011 and US Food and Drug Administration clearance in 2013 for the humanitarian use in patients with blindness due to retinitis pigmentosa. Retinitis pigmentosa leads to blindness by causing photoreceptor death 9 ; however, the inner retina cells are preserved. [10] [11] [12] The Argus II Retinal Prostheses System takes advantage of the surviving ganglion cells by delivering small pulses of electricity to the inner retina, thereby creating a new sensation of vision. The Argus II implant electrode array (9 × 5.5 mm) is composed of 60 platinum electrodes each of which is 200 μm in diameter, where electrical stimulation pulses are emitted. The electrode array is centered over the macula and is anchored to the retinal surface with a retinal tack. The array stimulates the residual ganglion cells to create visual percepts in the central 20°visual field. 13 There are few articles that analyze the interface between the array and the retinal surface. Optical coherence tomography (OCT) is described in the literature as a useful tool for the detection of preoperative retinal abnormalities during candidate screening, such as staphylomas and macular epiretinal membranes, that can potentially affect Argus II performance after implantation, intraoperative monitoring of correct array positioning, [14] [15] [16] and postoperative analysis of the association between the electrode array-retina distance and the electrical threshold amplitude. 17 The aim of this study was to describe retinal changes after Argus II implantation, to investigate the causes of these modifications, and to evaluate their possible influence on the patient's visual performance.
Methods
This consecutive, retrospective, noncomparative case series study was carried out based on the approval of the institutional review boards of Careggi University Hospital, Florence, Italy and of Pisa University Hospital, Pisa, Italy, and in accordance with the tenets of the Declaration of Helsinki.
18
All patients signed a written informed consent to participate. All patients were screened preoperatively and were included or excluded according to the Argus II European Conformityapproved indications. Full inclusion and exclusion criteria are listed in the eMethods in the Supplement.
A total of 33 patients underwent Argus II implantation between October 28, 2011, and June 8, 2017, at 2 different centers, by the same surgeon (S.R. In this study, we included only patients with more than 6 months of follow-up. Twenty of the 33 Argus II recipients met this inclusion criteria. Among the 13 excluded patients, 4 received an implant less than 6 months before this retrospective study. Nine patients were lost to follow-up for various reasons, including rehabilitation carried out in their own country (n = 1), patient death not associated with the implant (n = 1), inability to monitor the patient because of noncompliance with scheduled examinations and rehabilitation sessions (n = 3), and the onset of postoperative, serious adverse events requiring further surgery (n = 4), of which 2 were severe cases of hypotony associated with choroidal detachment that did not resolve with medical treatment and 2 were cases of retinal detachment.
During the surgical procedure, in all patients, a core vitrectomy was performed and 0.5 to 1.0 mL of triamcinolone acetate solution was injected with a 25-gauge needle into the mid-vitreous cavity to help the surgeon perform a more thorough removal of the vitreous and the posterior hyaloid. Meticulous removal of minute amounts of vitreous and hyaloid membrane is important because postoperative residual hyaloid may provide scaffolding for fibrovascular proliferation or may provide a foundation of traction. The vitreous cortex is usually very adherent in eyes with retinitis pigmentosa (especially in young patients) and normally does not detach further than the mid-periphery. If the epiretinal membrane was present and documented by a preoperative OCT scan, it was removed through macular peeling. In all cases, the intention was to completely remove epiretinal membranes. Without performing a previous fluid-air exchange, membrane blue-dual was applied onto the macula (while the vitreous cavity was completely filled with fluid) and all excess dye was immediately aspirated with a blunt
Key Points
Question What are the postoperative changes shown on macular optical coherence tomography after implantation of an electronic retinal prosthesis?
Findings In this case series study of the preoperative and postoperative optical coherence tomography findings of 33 eyes among 33 retinal prothesis implant recipients, 50% of the analyzed patients developed a fibrosislike hyperreflective tissue limited to the interface between the array and the retina, a significant finding. In most of these cases, the area of fibrosis progressed to retinal schisis without a change noted in visual performance, a result reported as statistically significant.
Meaning These findings suggest that optical coherence tomography may help to identify retinal anatomic changes after retinal implantation.
backflush instrument. The stained epiretinal membrane was removed using routine surgical techniques by engaging the tissue with a pick or hooked needle, peeling the tissue from the underlying retina and removing it from the eye with intraocular forceps.
Approximately 2 weeks after the implantation, patients returned to the clinic to have the Argus II device fitted, or custom programmed, before the camera could be turned on. A video configuration file was generated that defined how the video signal from the camera was mapped to the electrical signal for the electrodes.
All patients were evaluated before surgery, at the first postoperative day, and at 1, 3, 6, 12, and 24 months (subsequently once a year except for patient-related adverse events) after the surgical procedure as per protocol. At each visit, a comprehensive ophthalmic examination, retinal fundus photography, spectral-domain OCT, and visual function tests to evaluate the stability or improvement of their visual performance were documented. In addition to the protocol visits, other additional visits were completed at the request of the patient.
All spectral-domain-OCT images were obtained using Heidelberg Spectralis HRA + OCT (Heidelberg Engineering Inc) for the 13 patients who underwent a surgical procedure and were followed up at Pisa University Hospital and using Nidek RS-3000 Advance (Nidek Co) for the 20 patients who underwent a procedure and were followed up at Careggi University Hospital in Florence. A single experienced technician at each institution who was not involved in the data analysis acquired all of the OCT images. The OCT images were reviewed and analyzed independently by 2 of us (L.C. and L.F.). Any discrepancies were resolved by discussion with the principal investigator (S.R.) until a consensus was reached. To include the entire electrode array and a small border of surrounding retina, radial scan, cross scan, line scan, and macular cube scan were captured for all patients at the planned control visits. In some cases, the presence of nystagmus and the inability of the patient to maintain ocular fixation prevented the acquisition of clear OCT images; thus, the multiple OCT scan methods allowed the acquisition of a good number of OCT data. For the patients in Pisa, the electrode-to-retina distance measurements were made using the caliper measurement tool on the Heidelberg Eye Explorer software (Heidelberg Engineering), and for the patients in Florence, the measurements were made using the caliper measurement tool on Nidek NAVIS-EX software (Nidek Co). For each of the 60 electrodes of the 20 implants, the cursor was positioned on the center of the electrode visualized on the infrared image showing the scan line location. On the associated raster OCT scans, the distance (micrometers) between each electrode and the inner limiting membrane of the retina was then measured vertically using calipers. The electrode-to-retina distance measurement method has been described previously. 19 For each electrode underneath which fibrosis was observed, the distance (micrometers) between the upper surface of the fibrosis and the lower surface of the fibrosis (thickness of the fibrosis underneath the electrode) was measured vertically using calipers.
Results
Of the 20 patients who met the inclusion criteria of reaching at least the 6-month follow-up after surgery, all were of white race/ethnicity and 12 (60%) were male; the mean (SD) age was 57.4 (11.6) years. Additional demographic and preoperative ophthalmologic characteristics of the enrolled participants are summarized in Table 1 .
Development of Preretinal Fibrosis and Schisis
With use of OCT, it was possible to observe the retinal anatomic modifications in patients with an Argus II implant. The OCT image of the 20 patients revealed the development in 10 eyes (50%) of a fibrosislike hyperreflective tissue at the interface between the array and retina, with an onset period ranging from 2 months to 33 months after implantation (mean [SD] onset time, 11.0 [9.7] months). We observed that, in all 10 patients, fibrosis initially appeared as a thin hyperreflective band that was not present in the immediate postoperative follow-up. This fibrosis tended to thicken over time, becoming a real hyperreflective fibrotic plaque that was always limited to below the array and to the contact points between the array and retina ( Figure 1A and B) . Figure 2 shows the correlation of the electrode-to-retina distance of each of the 20 patients included (measured on the first OCT image available after implantation and before the appearance of fibrosis) with the presence or absence of fibrosis developed subsequently. We observed that 6 of 11 patients (54%) who had a mean electrode-to-retina distance less than 100 μm (measured on the first available OCT images after implantation before the observation of fibrosis) developed fibrosis. Two of 4 patients (50%) who had a mean electrode-to-retina distance more than 100 μm and less than 300 μm developed fibrosis. Two of 5 patients (40%) who had a mean electrodeto-retina distance of more than 300 μm developed fibrosis. 
Research Original Investigation Morphologic Retinal Changes in Patients With an Electronic Retinal Prosthesis Implant
In 9 of 10 patients (90%), fibrosis evolved and progressed to retinal schisis with an onset ranging from 6 months to 36 months after implantation (mean [SD] onset time, 21.3 [10.1] months). Schisis remained localized below the surface of the array in 8 eyes. In 1 patient, it extended beyond the array area to involve the temporal region. In addition, the retinal schisis had a different evolution from patient to patient, even in the thickness present at the last available follow-up ( Figure 1C and D) . Once formed, schisis tended to remain stable (if the thickness of the schisis was compared between the first and last follow-up for each patient). Postoperative anatomic changes in the implanted retina and the fibrosis and schisis onset for each patient are shown in Table 1 . The presence of the posterior hyaloid was determined after the injection of 0.5 to 1.0 mL of triamcinolone acetate solution in the midvitreous cavity to stain and enhance visualization. In 3 of 10 patients (30%), the posterior hyaloid was present and required maneuvers for induction of posterior vitreous detachment in eyes with firmly adherent posterior hyaloid. In 1 of 10 patients (10%), the posterior hyaloid and the epiretinal membrane were present. For these 4 patients (40%), the posterior hyaloid and/or the epiretinal membrane were removed at the time of the surgical procedure. Table 2 shows the onset date (in months) of fibrosis and schisis for each of the 10 patients and reports the mean (SD) fibrosis thickness at each evaluation point (when the patient returned for imaging). For each evaluation point, the table shows the number of electrodes underneath which fibrosis was observed and where it was possible to perform the fibrosis thickness measurement (eg, patient identification number, 91-107: 38 measurements at month 12, 16 measurements at month 24, and 15 measurements at month 36).
At each evaluation point, the number of measurements was different because of many factors: OCT scans did not cover all the implanted area, and this measure could not be assessed. Fibrosis was not observed under each single electrode, and the OCT image low contrast did not permit a valuable measurement of the fibrosis thickness underneath the electrode.
The retinal schisis appeared when the mean thickness of the fibrosis was equal to or greater than approximately 100 μm as if this were the limit beyond which fibrosis exerted a tractional force that generated the onset of schisis.
Visual functions test results (square localization and direction of motion) were analyzed to evaluate whether the development of the fibrosis or the retinal schisis provoked a deterioration in the patient's visual performance. If the patient was available for the testing session, visual function tests were performed for each patient at each evaluation point (before implantation and at 3, 6, 12, and 24 months after implantation). For the 10 patients who developed fibrosis, the video configuration files were maintained unchanged during the 24 months when visual function tests were performed.
For the square localization test, Figure 3 shows the mean distance from the target in centimeters (accuracy) with the system on and off for 2 patients who developed fibrosis (the shorter the mean distance, the closer the patient's response was to the target). For the direction of motion test, a more challenging assessment, Figure 3 shows the observed mean response error (stimulus angle -response angle) with the system on and off for 2 patients who developed fibrosis (the smaller the mean response error, the closer the patient's response was to the stimulus direction).
Because the visual function tests were performed until a maximum follow-up of 24 months, we were only able to assess the visual performance of patients who had developed fibrosis and schisis within the 24 months after implantation. Only for 9 patients (91-103, 91-105, 91-106, 91-107, 91-108, 93-106, 93-108, 93-110, and 93-113) was it possible to correlate the development of the fibrosis with the visual function test results, and only for 4 patients (91-103, 91-106, 91-108, and 93-113) was it possible to correlate the development of the retinal schisis with the visual function test results. Figure 3 reports the square localization and the direction of motion results for patients 91-103 and 93-113. Despite the development of fibrosis and schisis, there was no deterioration in the patient's visual performance evaluated using visual function tests. Analysis of variance test showed no significant difference along evaluation points for the 10 patients who developed fibrosis for the square localization test (F 3,9 : 1.55; P = .23) and for the direction of motion test (F 3,9 : 2.91; P = .06). In addition, all 10 patients who developed fibrosis and schisis self-reported that there was no deterioration of their visual perception. Abbreviation: NA, not applicable.
Research Original Investigation Morphologic Retinal Changes in Patients With an Electronic Retinal Prosthesis Implant Discussion
In our study, we described the development of a preretinal fibrosislike tissue between the array and the retina that led to the development of a macular retinal schisis in some cases. Gliosis phenomena and epiretinal membranes have been described after epiretinal implantations. 19, 20 A recent study of 18 eyes from
France also reported retinal fibrosis in some patients with the Argus II implant. 21 To our knowledge, our study is the first observational study with a large number of included patients that analyzes in details the development of this anomalous tissue and its association with the patient functional vision. Of all participants, 50% developed a fibrotic tissue limited to below the electrode array and the retina that thickened over time. In 90% of patients, the fibrosis progressed to retinal schisis.
In all patients who developed fibrosis and schisis, there was no deterioration of their visual performance. This might be explained by the fact that the Argus II Retinal Prosthesis System can be custom programmed to optimize performance, and the changes in the patient perception may be counterbalanced with custom electrical stimulation measures (frequency, interphase gap, and pulse width). Further studies will need to analyze the association of fibrosis and schisis with perceptual thresholds.
The highlighted hyperreflective tissue may be characterized by a fibrotic nature, as previously described by de Juan et al 22 in 1 of the 4 patients analyzed when they were forced to extract the custom-built titanium alloy retinal tack from the posterior coats of 4 patients after prolonged epiretinal Argus II prosthesis implantation (up to 19 months). We can hypothesize that the development of epiretinal fibrosis may be induced by direct array-to-retina contact. Nevertheless, the percentage of patients with an array-to-retina distance less than 100 μm who develop fibrosis (54%) was not different from those who did not develop fibrosis (46%). Another hypothesis is that the fibrosis developed from vitreous residuals or from epiretinal membranes or hyaloid residuals that progressed into hyperproliferation (abnormal growth) because of the stimulation of the electric current. We observed that the dissection of the residual posterior cortical vitreous from the retina in patients with advanced outer retinal degenerative disease may be challenging because of its strong adhesion to the superficial retina, and some nondetectable hyaloid residue may involuntarily remain on the retina. 
Onset of Schisis
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The square localization test reports the mean distance from the target in centimeters (accuracy) for the system on and off, and the direction of motion test reports the observed mean response error (stimulus angle -response angle) with the system on and off. Another hypothesis could be the development of the fibrosislike membrane due to tack irritation of the retina, which was previously reported when retinal tacks were initially used for the treatment of retinal detachment and were found to be associated with glial reactions.
23, 24 However, in our analysis of OCT, we observed that fibrosis emerged at a location far from the tack in all 10 patients who developed fibrosis. The role that electrical stimulation plays in the retinal changes was investigated by Colodetti et al. 25 The study focused on the retinal changes in normal-sighted, adult, Long Evans pigmented rats implanted with a single platinum microelectrode. They concluded that mechanical pressure alone and mechanical pressure with excessive electrical stimulation cause retinal damage. We can assume that the origin of the schisis could have been tractional from the array-to-retina fibrosis and that it did not originate from the insertion of the tack into the entire retina. The retinal schisis seemed to appear when the mean thickness of the fibrosis was equal to or greater than approximately 100 μm as if this were the limit beyond which there may be a tractional force capable of inducing the onset of schisis.
Limitations
The limitations of our study were the retrospective data collection, the imprecision of only a few cases, the relatively short follow-up, and the absence of a histopathologic analysis of the fibrosislike tissue.
Conclusion
Optical coherence tomography may be used to observe the retinal anatomic changes in patients with an Argus II Prothesis implant. This analysis revealed the development of a fibrosislike hyperreflective tissue limited at the interface between array and retina that progressed to retinal schisis but no deterioration in the patients' visual performance. Further studies are needed to evaluate and investigate the morphologic features and pathogenesis of retinal changes secondary to the Argus II implant.
